The high-P content in steel slag limits its utilization in the next heats of steelmaking. In this work, P 2 O 5containing slag was reduced by carbon at high temperatures with flowing N 2 . The P-containing substances in the off-gas were collected after water cooling. Both XRD analysis and thermodynamic calculations indicate that the gas produced by P 2 O 5 reduction is mainly composed of P 2 . The actual reduction Gibbs free energy of P 2 O 5 is less than that of FeO; while the reduction rate of FeO is higher than that of P 2 O 5 due to the good kinetic conditions and the low activation energy. The reduction of P 2 O 5 agrees well with the second-order reaction, whose reduction rate is controlled by the mass transfer in the slag. The reduction of FeO agrees well with the first-order reaction, whose reduction rate is mainly controlled by the interface chemical reaction.
Introduction
Metallurgical slag is a major subsidiary product of iron and steel enterprises with large output and low utilization rate [1, 2] , which is mainly consisted of blast furnace slag and steel slag. The comprehensive utilization rate of blast furnace slag is up to 95%, most of which is granulated and used as cement mixtures. The utilization ratio of steel slag is less than 30% due to the high P content and free CaO [3, 4] . So far, most of the steel slag is heaped there after the iron separation, which pollutes the environment and increases the cost [5, 6] .
Some scholars, such as Ishikawa [7] and Kitamura et al. [8] , investigated the dephosphorization by highintensity magnetic separation and flotation according to the characteristics of steel slag. Iyasaki and Matsuo [9] and Wang et al. [10] in China used carbon to reduce the steel slag in special furnace in order to recycle the beneficial elements in the slag. Recently years, less slag steelmaking processes, such as double slag steelmaking, duplex converter and slag remaining operation have attracted more attentions from researchers. These processes are more directly and effective. However, the slag remaining operation would increase P content in the molten steel [11, 12] . Phosphorus vaporization process is a novel method that could make it easier to remove the P from the slag. After tapping, carbon is added to the furnace and mixed well with the steel slag at slag-splashing process by the flowing N 2 . The reduction products of P 2 O 5 in the steel slag are removed out of the slag in the form of gases, such as P 2 , PO and P. The slag can be reused in the next heat after such an operation. At present, the process has been promoted in Tang steel and Shougang Iron and Steel United Co. In this paper, the thermodynamics and kinetics of the reduction of P 2 O 5 and FeO were studied based on the experimental data.
Experimental equipment and methods
The carbon tube resistance furnace (SL63-7CD) was used in the experiment with a maximum working temperature up to 2000 ∘ C. The experiments were carried out in circulating N 2 atmosphere whose flow rate was controlled by a rotor flowmeter. MgO crucibles were used in the experiment. The steel slag was sampled from Tang Steel Company with the composition shown in Table 1 . The purity of carbon is 90%. The minimum amount of carbon required to reduce all of the FeO and P 2 O 5 in the slag to a simple substance is defined as 1 unit. In the experiments, 1.5 unit of carbon was used. In the experiments, the steel slag and carbon were crushed to less than 50 mesh, which were then mixed and put into a MgO crucible. First, the furnace was raised with 6 ∘ C per minuter under the protection of N 2 (40L/h) until the required experimental temperature was reached and stable. Then MgO crucible was put into the furnace and held there. After a pre-set time, the MgO crucible was taken out and cooled in water.
X-ray fluorescence (XRF) and a Scanning Electron Eicroscope (SEM, S-3400N) were used to characterize the samples.
Furthermore, an experiment of collecting the product from the reduction of P 2 O 5 in steel slag was carried out. In the experiment high temperature vacuum tube furnace (SG-GL1700) was used, as shown in Figure 1 . The equipment was evacuated and then protected by N 2 to avoid the oxidation of the by-products, phosphorus, in the gas phase. The outlet gas was introduced into water to condensate the phosphorus. The experimental process is shown as bellow.
1. Before the experiment, 150 g of P-rich slag with P 2 O 5 content of 13% and 9.8 g of carbon were placed in a boat-like crucible. Then six such boat-like crucibles containing samples in total were placed into the horizontal tube furnace.
2. Initially, the right thimble valve (1) was close and the left thimble valve (1) was open. The furnace was connected to the vacuum system. When the furnace was evacuated to 0.01 MPa by the vacuum system, the left thimble valve (1) was closed to maintain the vacuum state in the furnace. Then, N 2 was introduced into the furnace by setting the right thimble valve (1) and introduced into the water on the other side of the furnace by setting the thimble valve (10). 3. Then the furnace was heated to 1550 ∘ C with a heating rate of 6 ∘ C per minuter in the atmosphere of flowing N 2 . The furnace holding time was set to 20 minutes. In this process, the gases after reduction were introduced into water with N 2 .
3 Experimental results and analysis
The results from scanning electron microscopy
The phase changes of steel slag before and after the experiments was observed by SEM, as shown in Figure 2 . Figure 2 (a) shows that the gray areas are mainly composed of strip-shaped 2CaO·SiO 2 and 3CaO·SiO 2 , in which P 2 O 5 mainly exists from the SEM-EDS detection. The dark white phases in Figure 2 (a) are mostly RO phase. 2CaO·SiO 2 and 3CaO·SiO 2 in Figure 2 (b) exist in granular form, as shown in the gray area, in which the contents of P are relatively small from the EDS detection. It is speculated that P 2 O 5 exited in 2CaO·SiO 2 and 3CaO·SiO 2 was reduced and the original strip-shaped phases were smashed by the gas phases (P 2 and CO) produced in the reduction process. While, the SEM-EDS detection indicates that the white areas in Figure 2 (b) are a multi-iron phases, which were derived from the reduction of FeO in the original phase. Thus, the mineral phases structure are also affected by the reduction of FeO. The dark phases in Figure 2 
The product of P 2 O 5 reduction by C in steel slag
The substances from P 2 O 5 reduction were collected from water and then dried at room temperature. Then the substances were crashed into powder and analyzed by XRD.
The result was shown in Figure 3 . Figure 3 shows that the main components of the samples are P 4 , P 2 O 5 , and SiO 2 . We speculated that P 4 is the reduction product of P 2 O 5 after cooling. The P 2 O 5 in the col- lected sample from water is possibly due to partial oxidation of P 4 which is very easy to be oxidized. The SiO 2 arises from the re-oxidation of the gaseous SiO which was generated from SiO 2 in the carbothermic reduction process.
However, P 4 is unstable at high temperatures. The result of the detection only indicates that the product at low temperature is P 4 . When P 4 is heated to 1073K, it starts to decompose into P 2 [13] [14] [15] , as shown in reaction (1) .
So, it is suggested that P 2 is the reduction product in the above experiment at high temperature. In order to further prove the conclusion, thermodynamic calculations were carried out. The chemical reactions listed in in Eqs. (2)-(5) [16] [17] [18] [19] shows the formation process of the Pcontaining gaseous products from the reduction of pure P 2 O 5 under standard conditions.
∆G 0 = 1099262 − 767.09T
∆G 0 = 965073 − 1141.52T
where ∆G 0 is the standard Gibbs energy of the reaction, J·mol −1 ; T is the absolute temperature of the system, K. In the standard, all the reactions can occur at steelmaking temperature. Taking the Eq. (2) as an example, the equilibrium constant of the chemical reaction can be described by the equation (6).
In order to calculate the equilibrium partial pressure of gaseous P, the Eq. (6) can be rewritten when a C = 1 and P CO = 10 5 Pa.
The activity of P 2 O 5 is calculated based on the regular ion solution model, as shown in Eq. (8) .
Where P 5+ is the activity coefficient of P 5+ ; x i+ is the molar fraction of cations; a P2O5 is the activity of P 2 O 5 .
The results of calculation indicated that P 2 substance has the highest equilibrium partial pressure among all the P-containing substances, i.e., P 2 , P, PO and P 4 . Moreover, the experiments were simulated using FactSage 7.2 and the results are consistent with the calculations, as shown in Figure 4 . Thus, it is speculated that P 2 is the main gaseous product in the process of P 2 O 5 reduction.
Reduction of P 2 O 5 and FeO in steel slag during the experiment
In this experiment, the gas products (CO and P 2 ) were removed out of the slag rapidly with the flowing N 2 . Thus, the reductions of P 2 O 5 and FeO are quite different from that in the standard state. Meanwhile, the reductions of 
The reduction of FeO by C under the standard state is calculated by Eqs. (13)-(14) [21] .
P CO and P P2 are taken as the ratios of the gas products (CO and P 2 ) to the total gas quantity. The ratio of CaO·SiO 2 and 2CaO·SiO 2 is assumed in the ratio of 1:1. The experimental data is shown in Table 2 .
The actual Gibbs free energies of the reduction of FeO and P 2 O 5 during the slag reduction at 1550 ∘ C are shown in Figure 5 . The results show that ∆G P2O5 is smaller than ∆G FeO . Firstly, ∆G P2O5 decreases faster than that of FeO with the increasing of temperature. Secondly, the reduction of P 2 O 5 accelerates faster than that of Fe, for the lower gas pressure of the reduction product. Therefore, the reduction driving force of P 2 O 5 under the experimental condition is greater than that of FeO from the point of thermodynamics.
However, in this experiment the reduction rate of FeO is higher than P 2 O 5 , as shown in Table 2 . It is concluded that FeO in the steel slag can reduce the melting point of the slag. Thus, the reduction of FeO is proceed easily due to kinetic advantages. Meanwhile, there is a possibility that P 2 O 5 is reduced by Fe produced from the reduction of FeO.
The reduction of P 2 O 5 by Fe in the standard state are calculated as Eqs. (15) 
∆G Θ = 692130 − 462.76T
∆G Θ = 371177.75 − 201.71T
The starting reduction temperatures for Eqs. (15) to (18) are 2258 K, 1500 K, 1495 K and 1840 K, respectively. After the simulation by factsage 7.2, the equilibrium partial pressures and gas products are shown in Figure 6 . Figure 6 shows that the partial pressure of P 2 is the highest in all of the gaseous products. Therefore, the Eq. (16) is dominated in this experiment. When Eq. (16) reaches to a equilibrium, the partial pressure of P 2 is about 1×10 −3 atm. However, the partial pressure of P 2 is almost zero in the circulating nitrogen bubble. Thus, the P 2 O 5 in the slag can be reduced by Fe.
Analysis of restrictive links in P 2 O 5 reduction

Kinetic model of P 2 O 5 reduction
The reduction of P 2 O 5 in the slag conforms to the interface chemical reaction model, as shown in Figure 7 . It is consisted of the following steps.
1. C and P 2 O 5 in slag are transmitted to the surface of the slag; 2. Chemical reactions occur at the interface; 3. P 2 and CO leave the reaction interface and transfer to the atmosphere. The gas diffusion in the gas phase is usually much faster than the mass transfer in the liquid phase. Thus, the gas diffusion was further accelerated because P 2 and CO were carried away quickly by the flowing N 2 in this experiment. Thus, the transfer of evaporating component from the interface to the core of the gaseous phase is not the ratelimited step. The rate of P 2 O 5 reduction reaction mostly like to be limited by chemical reaction at the interface or the diffusion of C and P 2 O 5 in the slag.
Apparent reaction rate constants and activation energy of P 2 O 5 reduction
The experimental data were calculated by zero-, first-, and second-order reaction velocity integral equations. When compared, we found that the results comply well with the apparent second-order reaction, as showed in Figure 8 . The secondary reaction rate of P 2 O 5 in the reduction slag by carbon could be expressed as Eq. (19) .
−Ws
where k is the apparent reaction rate constant, cm −2 ·min −1 ; A is the reaction Interface area, cm 2 ; Ws is the weight of slag, g. In this experiment, the reaction Interface area can be calculated by Eq. (20) .
A =
Wc ρ × 4πr 2 4/3πr 3 = 3Wc ρr (20)
where W C is the weight of coke, g; r is the radius of coke, cm.
From the calculating results of the slopes of the line in Figure 8 , the rate constants of the reaction (k t ) at different temperatures are 0.09K /g·cm −2 ·min −1 , 0.12K /g·cm −2 ·min −1 , and 0.16 K /g·cm −2 ·min −1 at 1823 K, 1873 K, and 1923 K.
The apparent rate constant (k) could be calculated using the rate constant (k t ) of the reaction, as shown in Eq. (21) .
k t (21) where W is the quality of slag, g. In Arrhenius formula, the reaction rate constant is calculated as Eq. (22) .
where k t is the reaction rate constant, %·min −1 ; k 0 is the pre-exponential factor. E is the apparent activation energy, kJ/mol. When Eq. (20) is calculated with the data above, the relationship between k t and 1/T at different temperatures is obtained as shown in Figure 9 . The apparent activation energy, E, is concluded as 165.78 kJ/mol in this study.
Coeflcient of P 2 O 5 mass transfer
According to the penetration theory, the mass transfer coefficient is calculated as Eq. (23) [24] . 
where k is the Boltzmann constant, 1.38×10 −23 , J·K; T is the absolute temperature, K; r is the radius of the P diffusion ion, cm, and η is the slag viscosity, Pa·S. It is shown that the diffusion coefficient of P in slag with 43% CaO, 30% SiO 2 , and 21% AlO 3 is 2.4 × 10 −6 cm 2 /s at 1773 K, and the viscosity of the slag is about 2 kg/m·s [25] . We consumed that the radius of the diffusion ion is a constant, thus the diffusion coefficient of P in the various experimental slag systems could be calculated approximately. The viscosity in the different slag systems can be obtained from previous studies [26] . The residence time of the CO bubbles is defined as the ratio of the volume of the CO bubbles to the CO formation rate at the interface. For a single bubble, te is calculated with Eq. (25) [27] .
where d b is the average diameter of the bubble, taken as 5 mm [28] . 
In mixture control model, mass transfer and chemical reaction might be the control unit. The resistance of each unit could be calculated by Eq. (28).
Where 1 k is the total resistance of reaction; 1 kr is the resistance of chemical reaction, and 1 k d is resistance of mass transfer.
The chemical reaction rate constants (kr) shown in Table 3 are larger than the mass transfer rate constants (k d ). Thus the whole reaction is controlled by the mass transfer of reactants (k d ). Also, in the reduction of steel slag, when the activation energy of the chemical reaction is 166.11 kJ/mol, most of the reactions are controlled by the mass transfer.
The restrictive links in FeO reduction
Kinetic model of FeO reduction
The liquid-solid reduction of FeO in steel slag is a reaction between fluid and solid, such as the gas-solid reaction. But the physical model of FeO reaction has its own characteristics, as shown in Figure 10 . The reduction steps are listed as follows.
(1) FeO in slag diffuses to slag-CO reaction surface;
(2) FeO is reduced at slag-CO surface;
(3) Gas transmissions of CO and CO 2 in gas film; (4) A gasification reaction of C occurs at the carbon and gas interface to generate CO. During the reaction processes above, the mass transfer resistance of CO and CO 2 in the gas film is small, so step (3) is not a control link to the rated of reaction. Also, in the research of D.J.MIN, it is concluded that gas transfer will not become a restrictive link [29] , for the activation energy of gas phase in mass transfer is much small.
Apparent reaction rate constants and activation energy of FeO reduction
The experimental data were put into the zero-, first-, and second-order reaction velocity integral equations. It is found that the results comply well with the apparent firstorder reaction, as showed in Figure 11 . The rate integral equation of the first order reaction is listed in Eq. (29) .
where C O is the initial Fe Content in steel slag, g; C is Fe Content in steel slag at t-time, g; k t is the rate constant, s −1 .
From the calculating results of the slope in the Figure 11 , the rate constants of the reaction (k t ) at different temperatures are 0.032K/g·cm −2 ·min −1 , 0.033K/g·cm −2 ·min −1 , and 0.034 K/g·cm −2 ·min −1 at 1823 K, 1873K and 1923 K. The apparent reaction rate constant (k) can be obtained by using Eqs. (24) . According to Arrhenius formula, the relationship between ln k and 1/T at different temperatures is calculated using Eq. (20) , as shown in Figure 12 .
The apparent activation energy, E, is concluded as 95.64 kJ/mol in this study. When compared, the apparent activation energy of P 2 O 5 is larger than that of FeO, so the reduction of FeO is easier to proceed than P 2 O 5 for the smaller resistance. 
The restrictive links in FeO reduction
The reduction rate of FeO in steel slag may be controlled by the mass transfer of FeO, the reaction at interface and the gasification of carbon.
(1) The mass transfer of FeO
We assumed that the reduction of FeO is controlled by the mass transfer of FeO, then the concentration gradients at the slag-gas interface can be showed as Figure 13 . According to the molecular diffusion equation, the diffusion rate of FeO in steel slag with carbon in stable state can be calculated by Eq. (30) .
where V is the slag volume, cm 3 ; δ is the thickness of the boundary layer, cm; C b is equilibrium concentration at interface, %. D FeO is the diffusion coefficient, cm 2 /s. In this experiment, we assumed that the resistance of diffusion is larger than that of chemical reaction. Then,the time to reach the reaction equilibrium is short. For C b is much small than C FeO , the equation above can be simplified to Eq. (31) .
where, the mass transfer coefficient is defined as the ratio of the diffusion coefficient to the thickness of the boundary layer, which can be taken as a constant, then Eq. (32) is obtained.
After integrating the Eq. (32), Eq. (33) is obtained.
The content of C during the experiment is much larger than C b , then C b was taken as 0. The results is shown in Figure 14 . The mass transfer of reactants kr) are 9.91/g·cm −2 ·min −1 , 11.74/g·cm −2 ·min −1 , 13.74/g·cm −2 ·min −1 from the calculating results of the slope in the Figure 13. (2) The gasification of C In the reduction of FeO by C, the gasification process of carbon is calculated using Frank-kamenetskii, as shown [30] [31] [32] .
where Qc is the gasification rate of carbon, mol/cm 2 ·min; P CO2 is the partial Pressure of CO 2 in gas, %; Zc is the preexponential factor, s; ∆E is activation energy of carbon gasification reaction, .kJ/mol. When the process is controlled by the gasification of C, the reduction of FeO and C reaches equilibrium. Thus, the equilibrium constant of the reaction can be expressed as Eq. (35).
where kc is the equilibrium constant in the reduction of FeO and C; P CO and P CO2 are the partial pressure of CO and CO 2 in gas phase, %, and the sum of them is 1; FeO is the activity coefficient of FeO; 
In the reduction of FeO by CO, the reaction rate is proportional to FeO activity in the slag. We assume that the activity coefficient changes little in the process of FeO reduction.Thus the reaction rate is proportional to the concentration of FeO approximately. Then, the reaction rate constant (K C ) can be expressed by Eq. (38).
Some studies have shown that ∆E and Z in carbon gasification reaction are 105.58 kJ/mol and 2.22×10 3 /s [30] . FeO is calculated according to its initial concentration.
In mixture control model, the resistance of each unit could be calculated by Eq. (39).
where, 1 kc is gasification resistance of carbon. According to Eq. (39), the chemical reaction rate constant (kr) can be calculated. The calculation result of each control link is shown in Table 4 .
The results in Table 4 show that kr is much smaller than kc and k d . Thus, the reduction rate of FeO is controlled by interfacial chemical reaction. It is indicated that the gasification of C at high temperature is easier to proceed, which is also accelerated by flowing N 2 . Therefore the gasification of C is not a rate-limited link. At the same time, when the temperature of slag and the content of FeO is very high, the flowing ability of steel slag is better, whose reaction rate would not be limited by mass transfer.
Conclusion
In this work, carbon was used as a reductant to reduce the steel slag under high temperature in the atmosphere of flowing nitrogen. The conclusions are drawn as following.
(1) Both the results of experiment and theoretical analysis prove that P 2 O 5 in steel slag can be reduced at high temperature, whose reduction products are mainly composed of P 2 . (2) The actual reduction Gibbs free energy of P 2 O 5 is smaller than that of FeO, but the reduction rate of FeO is higher than that of P 2 O 5 . The apparent activation energy of FeO is lower than that of P 2 O 5 due to the good kinetic conditions of FeO reduction. The reduction of P 2 O 5 by Fe can only be achieved when the system vacuum is less than 1×10 −3 atm. (3) The models of the reduction kinetics of P 2 O 5 and FeO in slag are established. The reduction of P 2 O 5 is a second-order reaction. Its rate -limited unit is proved to be mass transfer of reactant. The reduction of FeO is a first-order reaction, which is controlled by the interfacial chemical reaction.
